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Only a relatively few mutations in its spike protein allow the murine coronavirus to switch from a murine- 
restricted tropism to an extended host range by being passaged in vitro. One such virus that we studied had 
acquired two putative heparan sulfate-binding sites while preserving another site in the furin-cleavage motif. 
The adaptation of the virus through the use of heparan sulfate as an attachment/entry receptor was demon- 
strated by increased heparin binding as well as by inhibition of infection through treatment of cells and the 


virus with heparinase and heparin, respectively. 


Coronaviruses are enveloped, plus-stranded RNA viruses, 
which generally cause respiratory and/or intestinal infections, 
although some may spread systemically. They are pathogens of 
veterinary importance, often associated with great economic 
losses. Their relevance has increased considerably since the 
recent emergence of new human coronaviruses (HCoV), such 
as the severe acute respiratory syndrome coronavirus (SARS- 
CoV). In general, coronaviruses have a limited host range and 
cause disease in a single or a few closely related host species. 
However, the emergence of SARS-CoV, which resulted from a 
zoonotic transmission event (19), demonstrates the need for a 
better understanding of coronavirus interspecies transmission. 

The interaction of the coronavirus spike (S) protein, a class 
I fusion protein (5), with its receptor is the major determinant 
for virus entry and host range restriction. While nonpermissive 
cell lines can be rendered susceptible by making them express 
the receptor (see references below), coronaviruses can also be 
retargeted to specific cells by exchanging the ectodomain of the 
S protein with that of another appropriate coronavirus, as was 
demonstrated for mouse hepatitis virus (MHV) (24) and feline 
infectious peritonitis virus (20). Receptors have so far been iden- 
tified for the group 2 coronavirus MHV (murine carcinoembry- 
onic antigen-related cell adhesion molecule 1 [CEACAM1]) (16, 
38), for SARS-CoV (ACE2) (26), for the group 1 coronavi- 
ruses transmissible gastroenteritis virus and porcine respira- 
tory coronavirus (porcine APN) (12, 13), for feline infectious 
peritonitis virus (feline APN) (36), for HCoV-229E (human 
APN) (40), and for HCoV-NL63 (ACE2) (21). 

The S protein is synthesized as a heavily glycosylated 
polypeptide, which oligomerizes in the endoplasmic reticulum 
to form trimers (14, 27). As a late maturation step during its 
transport to the cell surface, cleavage of the MHV S protein 
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into an amino-terminal S1 and a carboxy-terminal S2 domain 
can occur. A basic amino acid sequence resembling the furin 
consensus sequence motif occurs approximately in the middle 
of the protein and was shown to be the target of a furin-like 
enzyme in the case of MHV-AS9 (11). While cleavage of the 
MHV S protein generally correlates strongly with cell-cell fu- 
sion (7), virus-cell fusion appears not to be affected by the 
prevention of S protein cleavage, indicating that these fusion 
events have different requirements (11). 

The amino-terminal S1 domain (or its equivalent part in 
viruses with uncleaved S proteins) is responsible for receptor 
binding, and the carboxy-terminal $2 domain is responsible for 
membrane fusion. For several coronaviruses, the receptor- 
binding site in the S1 domain has been mapped. For MHV 
strain JHM (MHV-JHM), for instance, it was mapped to the 
domain composed of the 330 amino-terminal residues of the S 
molecule (23). This amino-terminal domain also determines 
CEACAM receptor specificity of other MHV strains (37). For 
transmissible gastroenteritis virus (18), HCoV-229E (4, 6), and 
SARS-CoV (1, 39), the receptor-binding domains have also 
been mapped to the S1 subunit, though to different regions 
therein. 

Although MHV is critically dependent on murine CEACAM 
for cell entry and therefore only infects murine cells, MHV 
variants capable of infecting nonmurine cells were obtained 
from persistently infected cell cultures (2, 3, 31, 33). The vi- 
ruses generated by Baric and coworkers (2) still used murine 
CEACAM as a receptor but were dependent on human 
CEACAM for entry into human cells. The receptor determi- 
nant of the MHV variant (MHV/BHK) generated by Sawicki 
and Schickli and coworkers (31, 33) has not been determined 
yet. Strikingly, this variant is no longer dependent on murine 
CEACAM for entry and appears to exhibit an even more 
extended host range, being able to infect cells from many 
different species (33). The MHV/BHK S protein (GenBank 
accession number AY497331) differs from the S protein of the 
parental MHV-A59 strain (GenBank accession number 
AY497328) at 57 residues and, additionally, contains a 7-ami- 
no-acid insert. Analysis of several viruses resulting from re- 
combination between MHV-A59 and MHV/BHK demon- 
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FIG. 1. Genomic organization of the recombinant viruses. (A) The genome structures of the recombinant MHVs containing either the parental 
MHV-AS9 or the MHV/BHK spike gene and an FL expression cassette are depicted (MHV-2aFLS and MHV-2aFLSrec, respectively). Numbers 


and lowercase letters designate the genes encoding nonstructural prote 


ins, while genes encoding spike (S) protein, envelope (E) protein, 


membrane (M) protein, or nucleocapsid (N) protein are marked by the protein abbreviation. The 5’ and 3’ untranslated regions (UTR) are also 


indicated. (B) The spike protein is depicted as an elongated box. Each 


vertical line in this box indicates an amino acid substitution in the 


MHV/BHK S protein compared to the parental MHV-AS9 spike protein. The triangle indicates a 7-amino-acid insertion. The MHV-AS9 § protein 


can be cleaved at the position of the arrow into an amino-terminal S1 


and a carboxy-terminal $2 domain. Horizontal lines designate the 


approximate locations of the receptor-binding domain (RBD), putative fusion peptide (FP) (5), heptad repeat region 1 (HR1) and HR2, and the 
transmembrane domain (TM). The encircled numbers specify the heparin-binding consensus sequences, the locations of which are indicated by 
gray boxes, while their sequences are given below for the MHV-A59 and the MHV/BHK spike proteins. The amino acid insertions and 
substitutions in the MHV/BHK spike protein compared to the MHV-AS59 spike protein are underlined. The heparin consensus sequences 


themselves are also shown (X, any amino acid; B, basic amino acid). 


strated a correlation between 21 amino acid substitutions and 
the 7-amino-acid insert, all located in the S1 domain, with the 
extended host range (32). However, although introduction of 
these mutations into an isogenic background permitted MHV- 
AS59 to interact with alternative receptors on murine and non- 
murine cells, these viruses failed to induce a second round of 
infection in nonmurine cells under liquid medium, indicating 
that additional substitutions in S or mutations in other viral 
genes may be needed for efficient infection of these cells (35). 

These studies raised the questions of how these viruses have 
overcome the apparent dependence on a specific receptor and 
by what interactions the S protein is triggered to undergo the 
conformational changes required to initiate the fusion process. 
In the present study, we determined the attachment/entry re- 
ceptor of the extended host range variant generated by Sawicki 
and coworkers (MHV/BHK). In addition, we demonstrated 
that the S gene of MHV/BHK is sufficient to confer the ex- 
tended host range phenotype. 

To this end, we generated recombinant viruses which differ 
only in their S gene sequences by targeted recombination, as 
described previously (9), and compared their growth on mu- 
rine and nonmurine cells. Thus, while MHV-2aFLS, which has 
been described previously (8), contains the parental MHV-A59 
S gene, MHV-2aFLSrec contains the MHV/BHK S gene (Fig. 
1A) in the isogenic MHV-A59 background. The MHV/BHK S 
gene was assembled from reverse transcription (RT)-PCR 
products (virus kindly provided by Stan Sawicki) and cloned 


into transcription vector pMH S$21BHK +i (kindly provided by 
Kay Holmes) (35), in which a firefly luciferase (FL) expression 
cassette had been introduced at the position of the hemagglu- 
tinin esterase pseudogene, as will be described in more detail 
elsewhere. The MHV/BHK S gene is identical to the published 
sequence with the exception of two silent mutations. MHV- 
2aFLSrec was purified twice, using endpoint dilutions on LR7 
cells before a passage 1 stock was grown, the S gene of which 
was checked for integrity before use for RT-PCR and sequence 
analysis. For both MHV-2aFLS and MHV-2aFLSrec, two in- 
dependent recombinants were generated to verify that the 
observed phenotypic characteristics were the result of the in- 
tended genomic modifications. 

As a first step in characterizing the recombinant viruses, 
comparisons of their growth characteristics on murine cells 
were made. Cultures of LR7 cells infected with the different 
recombinants were lysed at 6.5 and 8.5 h postinfection, after 
which luciferase expression levels were determined (Fig. 2A). 
The recombinant viruses expressed similar levels of luciferase 
at both time points, indicating that the changes in the spike 
protein did not affect the ability of the viruses to enter LR7 
cells. However, the recombinant viruses clearly differed in their 
ability to form plaques (Fig. 2B). While infection with MHV- 
2aFLS resulted in the formation of large syncytia, no cell-cell 
fusion was observed for MHV-2aFLSrec; only single cells ap- 
peared to be infected, as visualized by immunocytochemistry 
using anti-MHV antibodies (K134) 30). 
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FIG. 2. Infection of murine cells. (A) LR7 cells were inoculated with MHV-2aFLS or MHV-2aFLSrec at a multiplicity of infection of 1. At the 
indicated time points postinfection (pi), the cells were lysed and intracellular luciferase expression was determined by using a luminometer (values 
are expressed in relative light units, RLU). Standard deviations are indicated. (B) Plaque phenotypes of recombinant viruses on LR7 cells. At 18 h 
postinfection, cells were fixed with a 3% formaldehyde solution, after which the agar overlay was removed. After being permeabilized with 1% 
Triton X-100 in phosphate-buffered saline, viral antigen was detected with the anti-MHV serum k134 at a 1:400 dilution. Peroxidase-conjugated 
swine immunoglobulins to rabbit immunoglobulins (Dakopatts) were used as secondary antibodies at a 1:100 dilution. Peroxidase was visualized, 
using an AEC substrate kit from Vector laboratories. Pictures were taken using bright-field microscopy and a Nikon DS-L1 digital camera. (C) LR7 
cells were infected with the recombinant viruses indicated on the top of the gel at a multiplicity of infection of 10. Cells were labeled for 3 h with 
5°§-labeled amino acids (Amersham), starting 5 h postinfection. At the end of the labeling period, culture media were collected and prepared for 
immunoprecipitation with the anti-MHV serum k134, followed by polyacrylamide gel electrophoresis, followed by fluorography, as previously 
described (10). The positions of the different viral proteins are indicated on the left, while the molecular mass marker is indicated on the right. 


Asterisks indicate higher-order structures of the M and/or N proteins. 


Previously, we have demonstrated that, while virus-cell fu- 
sion was not affected by cleavage inhibition of the MHV-A59 
spike protein, cell-cell fusion was significantly reduced. Be- 
cause the mutations in the S protein did not appear to interfere 
with the infectivity of the recombinant viruses on LR7 cells but 
had a severe effect on cell-cell fusion, the cleavage of the spike 
proteins was analyzed (Fig. 2C). The S protein of MHV-2aFLS 
appeared in its two well-known forms, the mature 180-kDa 
form (gp180) and its 90-kDa cleavage products (gp90). How- 
ever, cleavage could not be detected for MHV-2aFLSrec, not 
even after prolonged exposure of the film to the gel. Although 
the basic amino acid sequence, resembling the furin consensus 
sequence, is not changed in the S protein of this virus, the 
substitution of the serine and valine residues immediately 
downstream thereof by leucine and glycine residues, respec- 
tively (RRAHR | SV ~ RRAHRLG), may prevent cleavage. 
Consistently, the prediction program ProP (15) readily identi- 
fied the cleavage site in the S gene of MHV-2aFLS, but not 
after substitution of the serine and valine residues. 

Next, the extended host range phenotypes of the recombi- 
nant viruses were analyzed. As a first step, viral infectivity in 
the passage 2 stocks was determined by a quantal assay on LR7 
and HeLa cells and their 50% tissue culture infective dose 
values were calculated. When inoculated into cultures of mu- 
rine LR7 cells, MHV-2aFLS and MHV-2aFLSrec appeared 
not to differ substantially in infectivity. However, a clear dif- 
ference was observed after inoculation of the HeLa cells. No 


titer could be determined for MHV-2aFLS containing the pa- 
rental S gene, while viruses containing the MHV/BHK S gene 
reached titers that were only 10-fold lower than those obtained 
on LR7 cells (data not shown). Subsequently, the growth char- 
acteristics of the recombinant viruses on HeLa cells were an- 
alyzed in more detail. Cultures of HeLa cells infected with the 
different recombinants were lysed at 8.5 and 18 h postinfection, 
after which the luciferase expression levels were determined 
(Fig. 3B). MHV-2aFLSrec was clearly able to infect HeLa 
cells, while MHV-2aFLS was not. Luciferase levels increased 
from 8.5 to 18 h postinfection, corresponding with the spread 
of the virus through the cell culture. These results were con- 
firmed by immunocytochemistry, using the MHV antiserum on 
HeLa cells at 18 h postinfection (Fig. 3C). These results indi- 
cate that the changes in the spike gene are sufficient to confer 
an extended host range phenotype to MHV-AS59. 

In an attempt to understand the extended host range caused 
by the mutations in the MHV/BHK S protein, we made a 
careful study of its features. This revealed the presence of two 
putative heparan sulfate (HS)-binding sites, which were not 
present in the parental sequence (Fig. 1B). Furthermore, the 
predicted furin-cleavage site (SKSRRAHR |) also corre- 
sponds to a HS-binding consensus sequence (KBBXBX) (28). 
Strikingly, the mutations that prevented the cleavage of the S 
protein did not affect the furin consensus sequence itself and 
hence also not the HS-binding consensus motif. These findings 
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prompted us to analyze HS as an attachment/entry receptor for 
MHV-2aFLSrec. 

In order to test the involvement of HS in the entry process 
of the host range mutant, LR7 and HeLa cells were treated 
with heparinase I (Sigma), which degrades HS (28), for 1.5 h 
prior to inoculation with the recombinant MHVs. Strikingly, 
luciferase expression by MHV-2aFLS, which carries the paren- 
tal spikes, in LR7 cells was increased approximately 2.5-fold 
after heparinase I treatment (Fig. 4A). However, treatment of 
both LR7 and HeLa cells with heparinase I decreased the entry 
of MHV-2aFLSrec by 50 to 60%. The incomplete inhibition 
may be explained by the presence of heparinase-resistant oli- 
gosaccharides (28). Next, the ability of heparin (ICN Bio- 
chemicals) to inhibit viral infectivity was tested. Heparin, a 
product of mast cells, is commonly used as an analog of cellular 
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FIG. 3. Infection of human cells. (A) HeLa cells were inoculated with MHV-2aFLS and MHV-2aF LSrec, and intracellular luciferase expression 


was determined as described in the legend to Fig. 2A. (B) HeLa cells were infected with the recombinant viruses as described above. At 18 h 
postinfection, the cells were fixed and viral antigen was detected as described in the legend to Fig. 2B. 


HS in receptor-ligand interaction assays, since ligand interac- 
tions with heparin and heparan sulfate have little quantitative 
difference (22). Incubation of the recombinant viruses with 
heparin prior to infection dramatically decreased the infectiv- 
ity of MHV-2aFLSrec (>99%) on both LR7 and HeLa cells 
but not the infectivity of MHV-2aFLS (Fig. 4B). Finally, the 
ability of virions to bind heparin was tested. Therefore, similar 
quantities of virions were incubated for 1 h at 4°C with type I 
heparin-agarose beads in the presence or absence of heparin 
(500 ng/ml; added 1 h before addition of the beads). After 
three washes, the amounts of viral genomic RNA adsorbed to 
the beads were compared by Taqman reverse transcription- 
PCR (11). The results of a representative experiment are 
shown in Fig. 4C. As expected, many more MHV-2aFLSrec 
than MHV-2aFLS virions were found attached to the heparin 
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FIG. 4. Interaction with heparan sulfate/heparin. (A and B) LR7 
and HeLa cells were inoculated with the recombinant viruses as de- 
scribed in the legend to Fig. 2A, except that the cells had been pre- 
treated with heparinase I for 1.5 h before the inoculation (A) or the 
recombinant viruses had been incubated with different concentrations 
of heparin for 1 h at 4°C (B). At 5 h post infection, the FL activity in 
the cultures was determined. Standard deviations are indicated. 
(C) The percentage of MHV virions adsorbed to heparin-agarose 
beads was determined by a Taqman reverse transcriptase PCR specific 
for viral genomic RNA, as previously described (11). The black bars (+ 
heparin) represent the results when virions were incubated with hep- 
arin prior to incubation with the heparin-agarose beads, and the white 
bars indicate the results when the virions were not incubated with 
heparin prior to incubation (— heparin). Standard deviations are in- 
dicated. 


beads. In both cases, adsorption to the beads could be effi- 
ciently blocked by the addition of heparin, indicating the spec- 
ificity of the assay. 

Previously, it was hypothesized that persistent infection of 
murine cells, which reduces murine CEACAM1a expression 
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(31), selects for virus variants with mutations in the S gene that 
optimize binding to and entry into murine cells expressing little 
murine CEACAM1a (32). Our results demonstrate that the 
selected MHV mutants, which were no longer dependent upon 
murine CEACAM1a for entry (33, 35), had gained the ability 
to enter cells in a HS-dependent manner. Clearly, HS is an 
attractive target for viral binding because of its physiological 
location on the surface of most animal cells, where the initial 
interactions with viruses occur. Indeed, viruses from different 
families, including alpha-, herpes-, flavi-, picorna-, and retro- 
viruses (for a review, see reference 28), have been shown to 
interact with glycosaminoglycans, in most cases heparan sul- 
fate, often, but not always, as a cell culture adaptation. 

Binding of the MHV S1 domain to the (soluble) CEACAM 
receptor has been shown to trigger conformational changes 
that are supposed to enable virus entry by activation of the 
fusion function of the S2 domain (17, 25, 29, 41). Such con- 
formational changes are also expected to be required for 
mCEACAM1a-independent and HS-dependent infection of 
MHV. Indeed, a peptide corresponding to the MHV-A59 HR2 
region (5) (Fig. 1) was able to efficiently inhibit the infection 
(data not shown). Although the requirement of a secondary 
protein receptor cannot be excluded, the acquisition of two 
putative HS-binding sites and the preservation of another such 
site in the furin-cleavage motif suggest that multiple interac- 
tions of the MHV/BHK S protein are required to induce the 
necessary conformational changes. In support of this, recom- 
binant MHV carrying only the MHV/BHK S1 domain was 
unable to spread in nonmurine cells under liquid medium (35), 
a process for which additional mutations in the S gene are 
required (results from this study and unpublished results). Fur- 
thermore, MHV/pi23, a virus obtained after 23 of the 600 
passages that resulted in MHV/BHK, also contains a putative 
HS-binding site in the S1 domain at the same position as in 
MHV/BHK, albeit as a smaller insertion, while it lacks the 
putative HS-binding site immediately upstream of the fusion 
peptide. MHV/pi23 does infect nonmurine cells to some extent 
but much less efficiently than MHV/BHK (32). In addition to 
the multiple HS-binding sites, however, mutations found in 
other parts of the S protein, such as the HR1 domain and the 
putative fusion peptide (Fig. 1), might also contribute to the 
efficient entry into nonmurine cells. We are currently in the 
process of determining the S protein mutations that are re- 
quired for the extended host range phenotype. 

Our results show that only a relatively few mutations in the 
S protein can convert MHV from a virus that depends for its 
cell entry on a highly specific receptor to one than can utilize 
a relatively nonspecific moiety, heparan sulfate. Since these 
changes were rapidly acquired in persistently infected cell cul- 
tures, S gene mutations might also occur in persistently in- 
fected animals in tissues where low levels of the receptor are 
expressed. Such changes might contribute to interspecies trans- 
mission; hence, an increased understanding of this process is 
desirable. It is noteworthy that, for SARS-CoV as well, genetic 
variations in the S gene appear to be essential for the transition 
from a virus capable of animal-to-human transmission to a 
virus spreading from human to human (34), a transition that 
eventually caused the severe acute respiratory syndrome out- 
break. 
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